The cerebellum is an excellent model system to study how developmental programs give rise to exquisite neuronal circuits in the adult brain. Here, we describe our findings regarding granule cell neurogenesis and differentiation using the MADM method (mosaic analysis with double markers) in mice. By following the development of individual granule cell clones, we show that (1) granule cell precursors (GCPs) undergo predominantly symmetric division during postnatal development; (2) clonally related granule cells (GCs) exit the cell cycle within a narrow time window and stack their axons in the molecular layer in chronological order from deep to superficial sublayers; and (3) whereas the average GCP proliferation in the external granular layer is progressively slower as development proceeds, there is a rapid expansion of GCPs shortly before clonally related GCs exit the cell cycle. These properties produce GC clones that are distinct, each having a restricted axonal projection, but that are on average similar in cell number. We discuss possible developmental mechanisms and functional implications of these findings.
Introduction
The small number of cell types that contribute to the crystallinelike organization makes the cerebellar cortex an attractive system to study fundamental principles of neural development, organization, function, and disease (Ramon y Cajal, 1911; Eccles, 1970; Ito, 1984; Herrup and Kuemerle, 1997; Wang and Zoghbi, 2001; Sillitoe and Joyner, 2007) . The granule cell (GC) is a major cell type in the cerebellar cortex, accounting for as many as half of all neurons in the CNS (Fox and Barnard, 1957) . GCs originate from a germinal zone in the upper rhombic lip (Miale and Sidman, 1961; Alder et al., 1996) . In mice, GC precursors (GCPs) leave the rhombic lip around embryonic day 13 (E13) and migrate rostrally over the surface of the cerebellar anlage to form a mitotically active region called the external granular layer (EGL) (Hatten and Heintz, 1995) . The EGL starts to form at E15, and GCPs within the EGL remain mitotically active until the third postnatal week (Miale and Sidman, 1961; Hanaway, 1967) . Around the time of birth, some GCPs start to exit the cell cycle and begin to differentiate into mature GCs resulting in the gradual disappearance of the EGL. GCs first extend axons parallel to the pial surface and then migrate radially along Bergmann glia to populate the internal granular layer (IGL), the final position of GCs (Rakic, 1971; Adams et al., 2002) . The IGL becomes obvious at postnatal day 5 (P5) and is completed by P20 (Altman and Bayer, 1997) .
Lineage analysis can elucidate the organizational principles of development by providing information about the origin of cell types. In the context of GC development, transplantation experiments in chick (Hallonet et al., 1990) and retroviral labeling in rat (Zhang and Goldman, 1996) have demonstrated that the EGL only gives rise to a single cell type, the GCs. Fate mapping studies elegantly showed that all GCs can be traced back to a subset of Math1-expressing cells in the rhombic lip (Machold and Fishell, 2005; Wang et al., 2005) . Genetic and viral-mediated fatemapping approaches further delineate the organizational relationship between cells in the rhombic lip and their final destinations in the cerebellar cortex, as well as their migration patterns (Ryder and Cepko, 1994; Mathis and Nicolas, 2003; Sgaier et al., 2005) . However, these studies have not followed the progression of clonally related GCs to adult to examine the relationship between lineage and axonal wiring patterns.
We recently developed a mosaic analysis method termed MADM (mosaic analysis with double markers) that permits lineage tracing with the ability to visualize axonal and dendritic projections of all progeny. By applying this method, we found that GCs originating from single GCPs as early as E14 restrict their axons to a sublayer in the molecular layer (ML) although the cell bodies are dispersed throughout the IGL (Zong et al., 2005) . Here, we explore the underlying mechanisms by following the development of individual GC clones in conjunction with their axonal projection patterns. We uncover new and unexpected findings regarding GC neurogenesis and differentiation.
Materials and Methods
Generation of MADM mice. RG and GR mice were separately crossed with ␤-Actin-CreER mice (Guo et al., 2002) . Double-positive GR/ϩ;␤-Actin-CreER/ϩ and RG/ϩ;␤-Actin-CreER/ϩ mice were kept as separate stocks before MADM analysis and were genotyped as described previously (Zong et al., 2005) . These mice were crossed to each other to generate GR/RG;␤-Actin-CreER/ϩ or GR/RG;␤-Actin-CreER/␤-Actin-CreER mice for MADM analysis. The presence of the Cre transgene was determined as described previously (Zong et al., 2005) . We do not distinguish progeny that are homozygous or heterozygous for ␤-Actin-CreER.
Clonal analysis in the cerebellum. Experimental conditions are summarized in Table 1 . Tamoxifen (T-5648; Sigma, St. Louis, MO) was dissolved in corn oil (C-8267; Sigma) at a concentration of 20 mg/ml for ϳ4 h at room temperature, stored at 4°C covered with aluminum foil, and used within 2 weeks. To induce interchromosomal recombination in GR/RG;␤-Actin-CreER/ϩ or GR/RG;␤-Actin-CreER/␤-Actin-CreER pups, tamoxifen was administered by intraperitoneal injection. Controls were given corn oil without tamoxifen [12 of 12 brains with no green fluorescent protein (GFP) labeling]. The probability that a cluster of GCs is derived from two independent but overlapping clones was estimated to be 4.4% for 8 mg tamoxifen injections at E17.5 (Zong et al., 2005) . Sixty-micrometer-thick serial sagittal sections of cerebella were stained and imaged. High-resolution MADM labeling allows us to easily identify cell type by characteristic GC morphology and positioning of cell bodies. Clonal types [EGL, mix of EGL/ML/IGL (MIX), and IGL] were determined using 4Ј,6-diamidino-2-phenylindole (DAPI) as a counterstain and the morphology of cells (polyhedral, nonpolyhedral, axonal, and dendritic processes) . IGL clonal types (deep, middle, superficial projecting) were classified based on average axonal projections to the bottom one-third, middle one-third, or top one-third of the ML.
Tissue preparation and histochemistry. All animal procedures were based on animal care guidelines and were approved by the Stanford University Administrative Panels on Laboratory Care. For histology, mice were anesthetized with an intraperitoneal injection of 2.5% Avertin (400 -600 mg/kg body weight) and perfused with 0.1 M PBS, pH 7.4, followed by ice-cold 4% paraformaldehyde (PFA) in 0.1 M PBS. Tissues were isolated and fixed in 4% PFA at 4°C overnight, washed three times in PBS, cryoprotected for 24 h in 30% sucrose in PBS, and embedded in Tissue-Tek OCT before cryostat sectioning. Cryosections (60 m thick) were washed thee times for 10 min in PBS, blocked with 10% normal donkey serum (NDS) in 0.1 M PBS plus 0.3% Triton X-100 (PBT) for 60 min, and stained at 4°C overnight with rabbit anti-GFP (1:500; Invitrogen, Eugene, OR) and preabsorbed goat anti-MYC (1:200; Novus, Littleton, CO). After PBT washes, the sections were stained at 4°C overnight or for 2 h at room temperature with donkey anti-rabbit Alexa 488 (1:200; Invitrogen) and donkey anti-goat Cy3 (1:500; Jackson ImmunoResearchWest Grove, PA). After four 10 min washes in PBT, including in the last wash the DNA dye DAPI for 10 min, samples were mounted in Gel/Mount mounting medium (Biomeda, Foster City, CA). Preabsorption of goat anti-MYC (see above) was conducted by postfixing three wild-type brains cut into small pieces, blocked at 4°C overnight with 10% NDS in PBT, and transferred into 30 ml of working solution goat anti-MYC in PBT for a 2 d absorption. Images were taken by 1 m optical sectioning using Zeiss (Oberkochen, Germany) confocal microscopy.
5-Chloro-2-deoxyuridine and phospho-histone 3 analysis. See Table 1 for specific conditions. Solutions of 5-chloro-2-deoxyuridine (CldU) were prepared at 17 mg/ml in sterile PBS and intraperitoneally injected at 2.5 ml/kg to achieve an effective dose of 42.5 mg/kg and the same molar concentration as previously described for bromodeoxyuridine (BrdU) (Gage et al., 1995; Vega and Peterson, 2005) . Thymidine analog solution was administered by intraperitoneal injection to ensure precise delivery. After detection of MADM clones in 30-m-thick sections (see above, Tissue preparation and histochemistry; donkey anti-goat Cy5 was used instead of donkey anti-goat Cy3; 1:200; Jackson ImmunoResearch), tissue was permeabilized with HCl 2N in PBS for 30 min at 37°C, washed three times with PBS, blocked with 10% NDS in PBT, and stained at 4°C overnight with rat anti-BrdU (1:1000; Accurate #OBT-0030; clone BU1/ 75). After PBT washes, the sections were stained at 4°C overnight or for 2 h at room temperature with Cy3-conjugated donkey anti-rat (1:200; Jackson ImmunoResearch). Detection of phospho-histone 3 (pH3) was accomplished using rabbit anti-pH3 (Ser-10; 1:250; Upstate Biotechnology, Lake Placid, NY) and donkey anti-rabbit Cy3 (1:200; Jackson ImmunoResearch Laboratories) in conjunction with detection of MADM clones (see above, Tissue preparation and histochemistry; donkey antigoat Cy5 was used instead of donkey anti-goat Cy3). All MADM clones in these analyses were double positive for GFP and MYC. For experiments involving coinjection of tamoxifen and CldU at postnatal time points, GCs were quantified only when the axonal fiber could be traced to its T-bifurcation in the ML. In some cases, sagittal sections at the lateral extremities showed longer T-bifurcations because of the plane of sectioning.
Results

GCPs expand predominantly via symmetric cell division
The mode of neural precursor division has important implications for patterns of neurogenesis. In the cerebral cortex, for instance, neural precursors in the ventricular zone undergo characteristic changes of division pattern from early asymmetric division to later symmetric division (Langman et al., 1966; Martin, 1967; Chenn and McConnell, 1995; Zhong et al., 1996) . What mode of division is used for GC neurogenesis has not been analyzed previously. Do GCPs undergo symmetric cell division and exponential expansion, asymmetric cell division and linear expansion, or a combination of the two? Does the cell division mode change over time? Analysis of MADM G 2 -X events can be used to resolve these issues, because sister cells generated after G 2 recombination followed by X segregation (G 2 -X event) would be labeled by two different colors ( Fig. 1 A) (Zong et al., 2005) . A symmetric division model predicts that green and red cells that originate from the same precursor should be present in equal numbers, whereas an asymmetric division model predicts that clones are predominantly of one color (Fig. 1 B) . In addition, the time of clone induction can be used to determine the birth date of GCPs giving rise to the clones. We used the ␤-Actin-CreER transgene (Guo et al., 2002) to (Metzger and Chambon, 2001) . Previous experiments based on recombination efficiency and CreER subcellular localization indicated that Cre recombinase activity peaks within 24 h and subsides 36 -48 h after tamoxifen administration (Hayashi and McMahon, 2002) . Therefore, interchromosomal recombination and consequent labeling of GCPs is limited to ϳ1 d after tamoxifen administration. Application of 8 mg of tamoxifen intraperitoneally allows us to maintain a low frequency of labeled cells (ϳ1.6 cluster of GCs per half cerebellum). Statistical analyses suggest that each spatially restricted cluster of labeled GCs is derived from a single recombination event (Zong et al., 2005) . We fixed and stained the cerebella from animals at different ages (Fig. 1 D) and quantified the total number of green and red cells within each G 2 -X clone (Fig. 1C 1 -C 2 ). Green and red cells were intermingled or segregated independent of type of clone (EGL or IGL). We find that most G 2 -X clones have similar numbers of red and green cells (Fig. 1 D) . This finding is inconsistent with an asymmetric model of cell division and supports the notion that at E17.5, or shortly afterward, GCPs predominantly undergo symmetric cell division, giving rise to two daughter cells with an equal potential of generating similar numbers of GC progeny. Although some clones are biased toward one color (e.g., C15), they are the exception to the trend and may result from the occasional GCP cell death.
To test whether the division mode changes over time, we extended this analysis to four different postnatal times by applying tamoxifen at P3, P6, P9, and P12, while always examining the clones at P21 (Fig. 1 E) . At P21, GCP proliferation and GC differentiation are complete. At all injection time points, we find that most G 2 -X clones contain similar numbers of red and green cells within a clone (Fig. 1 E) . We conclude that at these postnatal times, GCPs also undergo predominantly symmetric division leading to exponential expansion of progeny number.
The exponential expansion of GCPs makes it possible that each GCP at E17.5 gives rise to a median of 250 GCs during a period of, at most, 3 weeks of expansion (see Fig. 4 A below). A pure linear If recombination occurs in G 2 phase, chromatids can segregate to generate two differentially labeled cells (G 2 -X segregation), or one doubly labeled cell and one unlabeled cell (G 2 -Z segregation). Recombination in G 1 or G 0 generates a doubly labeled cell. B, MADM G 2 -X labeling can distinguish between two modes of division: symmetric and asymmetric. Completely symmetric divisions should generate same numbers of differentially labeled cells, whereas completely asymmetric divisions should generate a single cell labeled with one marker and all other cells labeled with the other marker. Open circles, GCPs; filled circles, postmitotic GCs. C, Two exemplary confocal images of MADM G 2 -X labeling of GCs. Tamoxifen (TM) was applied intraperitoneally at E17.5 in the pregnant mother. Progeny of the genotype GR/RG;␤-Actin-CreER were examined. C 1 , A clone of dividing GCPs restricted to the EGL. C 2 , A clone of differentiated GCs restricted to the IGL. Dashed white lines trace the borders between layers based on DAPI staining not shown. D, Inset, Schematic of the experiment (TM application at E17.5; dissection time points at P9 -P15). The bar graph shows paired counts for green and red cells in each clone analyzed. The asterisk represents EGL clones, which are markedly smaller than IGL clones (the rest) that have completed cell division (see Fig. 4 ). We exclude G 2 -X clones Ͻ25 cells because a lower total number has less power, although small clones also followed this trend with a similar number of red and green cells. E, Inset, Schematic of the experiment (TM application at P3-P12; dissection at P21). The bar graph shows paired counts for green and red cells in each GC clone analyzed. expan 1 sion model requires the GCP cell cycle period to be ϳ2 h (21 d ϫ 24 h/ϳ250), much too fast for a mammalian neural precursor with a cell cycle period of at least 8 h Takahashi et al., 1995 Takahashi et al., , 1997 ). The exponential model requires only eight cell divisions to expand from one labeled precursor to ϳ250 progeny (2 8 ). If this were the case, the average length of the cell cycle would be 2.6 d (21 d per eight cell divisions), assuming that (1) there is minimal contribution by cell death and (2) all GCPs divide at the same rate all the time. Although assumption (1) is consistent with previous studies (Krueger et al., 1995; Muzumdar et al., 2007) , assumption (2) does not apply (see below).
Most GCs stack their axons within the ML in a temporal sequence
We have previously conducted preliminary studies to examine the relationship between lineage and axon projection patterns of GCs (Zong et al., 2005) . We labeled GCPs by administering tamoxifen at E17.5 and analyzed the GC progeny at P21. Interestingly, these experiments revealed that single GCPs at E17.5 give rise to GC progeny that project axons to a restricted sublayer in the ML despite the fact that their cell bodies disperse throughout the IGL (Fig. 2 A) (Zong et al., 2005) .
Classical studies suggest an orderly differentiation of GCs, which we coin the "stacking model" (Altman and Bayer, 1997) . This hypothesis states that GCs that differentiate first leave their axons at the deepest sublayer in the ML; GCs that differentiate progressively later leave their axons in progressively more superficial sublayers in the ML. The supporting evidence for this hypothesis came primarily from developmental snapshots using Golgi staining: deepest projecting axons tend to belong to the most morphologically differentiated GCs (Fig. 2 B) (Ramon y Cajal, 1911) . If this stacking model were correct, our observation that clonally related GCs project their axons to specific sublayers would imply that (1) all clonally related GCs "synchronously" differentiate within a narrow time window during postnatal development and (2) the time windows for differentiation occur earlier for deeply projecting clones than for the superficially projecting clones.
To test these predictions, we first performed a set of experiments to quantitatively test the stacking model in mice. Because there is no correlation between the depth of GC body position within the GC layer and the depth of their axon position in the ML (Fig. 2 A) (Zong et al., 2005) , we need a method to correlate birth of individual GCs with their axonal positions.
In the first set of experiments, we injected tamoxifen at E17.5 to generate MADM clones and subsequently injected the thymidine analog CldU at P6 or P15 to label dividing cells in the S phase (Takahashi et al., 1992; Vega and Peterson 2005) . We then analyzed P21 brains to determine the correlation of birth timing and axon projection of each MADM-labeled clone (Fig. 2C 1 ,D 1 ). Strong CldU-positive cells should be born shortly after injection time because there is no dilution of the label resulting from the lack of further cell divisions. The stacking model would predict that superficially projecting clones are composed of cells born exclusively at a late developmental time point (e.g., P15), whereas deeply projecting clones are composed of cells born exclusively at an early developmental time point (e.g., P6). For example, a deep projecting clone composed of cells that were born at P15 would be incompatible with a strict stacking model.
When CldU was injected at either P6 or P15, we found examples in which CldU-positive cells in MADM-labeled GC clones project axons to both superficial and deep layers (Fig. 2C 2 -C 5 ,D 2 -D 5 ). We quantified these events in two different ways. We took the position of the mean axonal projection of GC clones and bin into the deepest one-third, middle one-third, or most superficial one-third. First, we quantified the percentage of GC clones with at least one CldU-labeled cell for each type of clone (percentage of clones CldUϩ ) (Fig. 2 E, F, black) . Second, we quantified the percentage of CldU-positive cells within these clones (percentage of GCs CldUϩ ) (Fig. 2 E, F , red). Both analyses gave similar results: deep projecting GC clones injected with CldU at P15 had a higher frequency of clones (ϳ50%) and cells per clone (ϳ20%) labeled with CldU. In contrast, when CldU was injected at P15, labeled cells are found with higher frequency in superficial projecting GC clones (ϳ50% of clones, ϳ15% of cells per clone). Multiplying the percentage of clones that have at least one CldU-labeled cell by the average percentage of CldU-labeled cells per clone gives us a labeling index for the likelihood of labeling a class of GC with CldU. We find that CldU injection at P6 will label ϳ0.1% (ϳ10% ϫ ϳ1%) of superficial projecting GCs and ϳ10% (ϳ50% ϫ ϳ20%), or 100-fold more, for deep projecting GCs. Conversely, injection of CldU at P15 will label ϳ7.5% (ϳ50% ϫ ϳ15%) of superficial projecting GCs and ϳ0.05% (ϳ5% ϫ ϳ1%), or 150-fold less, of deep projecting GCs. These results provide quantitative support for the stacking model. They also suggest that the stacking model is not absolute, because both P15 CldU-positive cells that project to deep layers and P6 CldU-positive cells that project to superficial layers exist, albeit at a very low frequency (see Discussion).
In a second set of experiments, we coinjected tamoxifen and CldU to induce MADM recombination and label dividing cells, respectively (Fig. 2G 1 ,H 1 ) . Tamoxifen injection during early postnatal development results in MADM-labeled postmitotic and mitotic cells; however, CldU labeling allowed us to identify which of these GCs were born shortly after the time of CldU injection. CldU is diluted with each round of division, so cells born later may also be labeled, but less intensely. We quantified only strong CldU-positive cells, which are likely to be born shortly after CldU injection. We found that coinjection with ta- moxifen and CldU at P6 double labeled deep projecting GCs (n ϭ 20 cells) (Fig.  2G 2 ,G 3 ) and coinjection with tamoxifen and CldU at P15 double labeled superficial projecting GCs (n ϭ 22 cells) (Fig.  2 H 4 ,H 5 ). However, we found rare exceptions such as cells born at P6 projecting to superficial sublayers (n ϭ 4 cells) (Fig.  2G 4 ,G 5 ) and cells born at P15 projecting to deep sublayers in the ML (n ϭ 2 cells) (Fig.  3H 2 ,H 3 ) . Consistent with the first experiment, the stacking model applies to most GCs, with notable exceptions.
Clonally related GCs differentiate within a narrow time window in an orderly sequence Having verified that the stacking model is mostly applicable, we next examined the hypothesis that clonally related GCs exit the cell cycle within a specific time window and thus project axons to a similar sublayer in the ML. We followed GCP expansion during postnatal development by generating GC clones at E17.5 and analyzing their progeny at different time points during development (Fig. 3A 1 ) .
When examining MADM-labeled clones, we noted the position of cell bodies (EGL, ML, or IGL) using DAPI as a counterstain and the morphology of cells (polyhedral, nonpolyhedral, axonal, and dendritic processes). Examination of early postnatal time points (less than P4) revealed that all cells in all clones were located exclusively in the EGL (Fig. 3A 2 ,B) , indicating that this is a period consisting predominantly of GCP expansion. MADM clones analyzed at later postnatal time points (P6 -P15) fell into three classes: class 1 (EGL), labeled cells are exclusively in the dividing EGL layer and characterized by a polyhedral shape ( Fig. 3A 2 ) ; class 2 (MIX), labeled cell bodies are found in EGL, migratory route to IGL, and in IGL ( Fig. 3A 3 ) ; class 3 (IGL), labeled cell bodies are predominantly in IGL (Fig. 3A 4 ) .
Given the orderly organization of cells at different stages of differentiation during postnatal cerebellar development (Hanaway, 1967; Eccles, 1970; Herrup and Kuemerle, 1997) , we interpret EGL clones to indicate that all labeled cells are still GCPs and none have undergone differentiation. IGL clones indicate that all labeled cells have already completed their division and migration through the ML to occupy their final destination in IGL; indeed, most labeled GCs in most IGL clones have elaborated their dendrites within the IGL. MIX clones are most likely caught in the process of differentiation: some cells have already completed their migration, some are in the process of migrating from EGL to IGL, and the rest are still dividing in the EGL. Interestingly, close examination of all MIX clones showed labeled axons extending at the ML/EGL border ( Fig. 3A 5 , arrow) as would be predicted by the stacking model. In contrast, all IGL clones examined from P6 to P12 project axons in sublayers below the ML/EGL border ( Fig.  3A 4 , arrow and arrowhead). By P21, all clones have cell bodies in the IGL, consistent with the end of morphological development of the cerebellar cortex. Quantification of the frequencies for each of three clonal types at different developmental stages reveals an orderly transition from EGL to MIX to IGL types as development proceeds (Fig. 3B) .
The existence of EGL clones as late as P15 indicates that all progeny from these clones will differentiate after P15; the appearance of IGL clones as early as P6 indicates that all progeny from these clones have exited the cell cycle before P6. Together, these data rule out the possibility that all clonally related GCs differentiate throughout the entire period of postnatal neurogenesis and support the notion that clonally related GCs exit the cell cycle within specific time windows.
Because GC dendrites undergo a stereotyped maturation process from a single leading process (migrating) to multiple dendrites to few (three to seven) dendrites with claw-like terminal indicative of synapse maturation (Ramon y Cajal, 1911), we also used dendrite morphology to assess the GC differentiation status for different clonal types (Fig. 3C 1 -C 6 ). We found that GCs that project axons deeper in the ML have more fully developed dendritic claws. In contrast, GCs from IGL clones that project axons near the ML/EGL border, and all MIX clones, have immature dendritic differentiation (Fig. 3D ). These observations indicate that GCs belonging to the MIX clones are the most recently born and leave their axons at the most superficial part of the ML during these developmental snapshots (see above), providing further proof that GCs stack their axons in chronological order.
Average expansion rate of GCPs gradually decreases during postnatal development
Our findings provide evidence that GC clones that project deep in the ML must undergo differentiation earlier than GC clones that project superficial in the ML. One prediction from these findings is that clonally related "deep projecting" GCPs will have less time to divide compared with clonally related "superficial projecting" GCPs and therefore one would expect deep projecting GC clones to be smaller, on average, than superficial projecting GC clones. We sorted GC clones induced at E17.5 and examined at P21 into one of three groups according to their average axon projection depth in the ML: the bottom one-third (deep), middle one-third (middle), top one-third (superficial) (Fig. 2 A) . Next, we quantified the total number of GCs within each clone by counting the cell body number in consecutive sagittal sections that span the entire clone. Surprisingly, we found that the median of GCs per clone is similar regardless of whether their axon projection is to the deep, middle, or superficial sublayers in the ML (Fig. 4 A) . In all three subgroups, we find heterogeneous clone size, ranging from Ͻ50 to Ͼ2000 cells, with a median of ϳ250. The heterogeneity in clone size may be caused by occasional cell death of early GCPs, or a further heterogeneity of GCP proliferation potential within each subgroup. However, these differences are independent of the axon projection type, suggesting that time of cell cycle exit is not a predominant variable.
We set out to resolve this discrepancy: GC clones projecting axons to deep sublayers have less time to divide because they differentiate earlier in development; however, they are similar in number compared with GC clones projecting axons to superficial sublayers. We examined GCP expansion rates during postnatal development, because differences in expansion rates during development may partially explain this finding. We induced MADM clones at E17.5 and quantified the number of labeled cells per clone at different postnatal time points as shown in Figure 3A . We first examined EGL clones, which represent the stage of GCP division. We found that the expansion rate decreases as development proceeds (Fig. 4 B) . The average rate of GCP doubling is about once per day between E18 and P3, declines to once per 2 d from P3 to P6, and further declines afterward (Fig.  4 B) . The progressively slow GCP expansion rate later in development therefore can contribute to, but does not by itself explain, the clone size discrepancy.
Departure from the trend: GCPs speed up division shortly before the onset of GC differentiation The analysis in EGL clones represents an overall trend of GCP expansion but does not take into consideration that at any given time there could be different subpopulations of GCPs exhibiting different behavior. Indeed, when we include MIX clones into the cell expansion analysis, we found, strikingly, that MIX clones are much larger than EGL clones examined at the same developmental stage. Examples for two different stages of P9 and P12 are quantified in Figure 4C . Because all clones that contain differentiated cells derive from EGL clones at an earlier stage (e.g., EGL clones at P6 should give rise to EGL, MIX, and/or perhaps IGL clones at P9), these data suggest that shortly before onset of GC differentiation, GCPs expand faster to account for the differences between the cell numbers in EGL clones and those that contain differentiated cells. Interestingly, even the number of GCPs (counting only cells in EGL) in a MIX clone is larger than the number of GCPs in an EGL clone for the same developmental time point (Fig. 4C, compare black bars) .
This increase in cell number expansion could be caused by a reduction in GCP death or an increase in cell proliferation. Because the contribution of cell death is not a major contributor to the decrease in expansion during postnatal development (see Discussion), it is more likely caused by increased cell proliferation or speedup of the GCP cell cycle. To experimentally test this hypothesis, we generated MADM clones by tamoxifen injection at E17.5 and determined the proportion of GFP cells labeled with a pulse of CldU (S phase marker) (Fig. 5A 1 ) or pH3 (M phase marker) (Fig. 5C 1 -C 3 ) . In general, the duration of the S and M phases has little variation (Cameron and Greulich, 1963; Prescott, 1968; Smith and Martin, 1973) . Therefore, the percentage of cells in the S and M phases should reflect the cell cycle length: the higher the percentage, the faster the cell cycle. Figure 5 , A 2 and A 3 , show two representative confocal images of MADM-labeled clones examined 2 h after CldU was injected at P9. P9 was chosen to maximize the chance of having both EGL clones (Fig. 5A 2 ) and MIX clones containing labeled cells in EGL/ML/IGL (Fig. 5A 3 ) . Clonally related GCPs divide faster shortly before differentiation. A 1 , A schematic of the experiment: tamoxifen application at E17.5, followed by a pulse injection of CldU at P9 to label the S phase. Mice were killed 2 h after CldU injection, and clonally related GCs were examined for colabeling with CldU and their axonal projection pattern. A 2 , A 3 , Representative confocal images of a P9 MADM-labeled EGL clone and a MIX clone, respectively. B, Quantification of the average representation of CldU-labeled cells within individual MADM clones (green bars), or among the surrounding DAPI-labeled cells within the EGL (gray bars). EGL MADM clones are significantly different from the surrounding EGL region and MIX MADM clones (**p Ͻ 0.001). C 1 , A schematic of the experiment: tamoxifen application at E17.5, followed by examination of clonally related progeny at P9 costained with pH3 to label cells in the M phase. C 2 , C 3 , Representative confocal images of a P9 MADM-labeled EGL clone and a MIX clone, respectively. D, Same as B, except pH3 was used instead of CldU.
As expected, CldU or pH3 does not label cells residing in the ML and IGL, because they have already exited the cell cycle.
Within the proliferative region of the outer EGL, we counted the number of CldU-positive or pH3-positive cells in each MADM clone. We divided these numbers by the total number of cells within that MADM clone to derive a percentage of cells within each clone that have been in the S phase in the past 2 h or in the M phase at dissection time. Strikingly, MIX clones (containing cells in the EGL, ML, and IGL) display more than twice as many CldU-positive or four times as many pH3-positive cells in the EGL compared with EGL clones (Fig. 5 B, D, green bars) . As controls, we also quantified the percentage of CldU-positive or pH3-positive non-MADM-labeled cells within the EGL near each MADM clone, using the DNA dye DAPI as a nuclear marker. We find that 40% are CldU positive and 10% are pH3 positive for MADM-negative cells in the EGL region demarcated by the border of the MADM clone, regardless of whether the cell bodies are near EGL or MIX MADM clones (Fig. 5 B, D, gray bars) .
The above data provide direct evidence that EGL clones have a longer cell cycle compared with MIX clones, supporting a twophase model of GCP expansion: a slow phase while expanding exclusively within EGL and a fast phase close to the onset of differentiation. Furthermore, given that non-MADM-labeled EGL cells have the same percentage of CldU-positive (40%) and pH3-positive (10%) cells as MADM mix clones, the population of dividing cells in EGL at P9 are mostly consisting of those that will differentiate shortly. Thus, the total cell number derived from a single GCP at E17.5 may primarily be contributed by the rapid expansion phase regardless of the timing of cell cycle exit. This, in combination with the slow GCP cell cycle during most of the proliferation period within EGL (last section), can now explain the similar clone sizes regardless of the timing of cell cycle exit.
Discussion
Although the development of GCs has been studied extensively, our MADM-based analyses offer new insights into the rules that govern neurogenesis and differentiation of GCs, especially with regard to their relationship with lineage. Our findings are schematically summarized in Figure 6 . GCPs undergo predominantly symmetric division and exponential expansion to generate large clusters of GCs. For a given E18 GCP, all progeny exit the cell cycle within a narrow temporal window and subsequently stack their axons at the most superficial layer of the developing ML. This narrow temporal window explains the phenomenon that GC clones project their axons to a specific sublayer in the ML (Zong et al., 2005) . Our findings also suggest that although the average GCP proliferation in the EGL is progressively slower as development proceeds, there is a rapid expansion of clonally related GCPs shortly before differentiation. We discuss supporting evidence, molecular mechanisms, and functional implications.
Clonally related GCs exit the cell cycle within narrow temporal windows
The conclusion that clonally related GCs exit the cell cycle within a narrow temporal window originates from two observations: (1) clonally related GCs project their axons to a specific sublayer in the ML; and (2) GCs stack their axons in the most superficial layer at the time of their differentiation.
The stacking model was primarily inferred from developmental snapshots of Golgi samples (Altman and Bayer, 1997) . Our results using combined CldU and MADM labeling support its generality. However, we observe some exceptions to the rule. The existence of occasional P6 CldU-positive GCs that project axons to superficial layers could be attributable to a very slow division rate, allowing for CldU to be retained in cells that differentiate at a much later stage. Also possible is that GCPs exit the cell cycle Figure 6 . Schematic summary of neurogenesis and differentiation of clonally related GCs. We use two MADM clones induced at E17.5 to illustrate the main findings of this study: (1) the result of a G 1 or G 2 -Z recombination event, subsequently represented by yellow cells; (2) the result of a G 2 -X event, subsequently represented by green and red cells. GCPs undergo predominantly symmetric division during postnatal development (exemplified by same numbers of green and red cells). GCPs expansion decreases in the external granular layer (EGL) but speeds up division shortly before differentiation onset. At a specific temporal window, clonally related GCs exit the cell cycle and stack their axons in the molecular layer (ML) during differentiation. Early differentiating cells (yellow) stack their axons to deep sublayers in the ML, whereas cells that differentiate late (red and green) stack their axons to more superficial sublayers. This series of events produces GC clones that are distinct, each having a restricted axonal projection pattern, but that on average are similar in cell number. PCL, Purkinje cell layer; IGL, internal granular layer; WM, white matter.
shortly after P6 but do not migrate until the rest of the clone starts to differentiate. Our finding that some P15 CldU-positive GCs are found in deep projecting clones suggests that these GCs must be born much later than their clonal siblings but somehow still "home" their axons to the appropriate corresponding sublayer.
Additional support for the stacking model, and the conclusion that clonally related GCPs exit the cell cycle within a narrow temporal window, comes from quantitative analysis of three clonal types. Comparing axonal projection patterns in MIX and IGL clones provides direct evidence that newborn GCs leave axonal projections at the border of EGL/ML. Closer observation of MIX and IGL clones shows a progression in dendritic maturation. Given that only EGL clones are present at P3, and the occasional IGL clone with mature dendrites are present at P6, the time window from the onset of cell cycle exit to completion can be within 3 d early in postnatal development.
GCPs slow down expansion during postnatal development but undergo bursts of fast cell division shortly before differentiation Our finding that GC clones have a similar number of progeny regardless of their projection type appears to introduce a paradox. Two factors contribute to the resolution. First, after quantification of cell number in EGL clones, we find that GCPs progressively slow down their expansion during postnatal development, thereby likely minimizing discrepancies in cell number among early and late differentiating GC clones. Second, by comparing the cell number between EGL and MIX clones at P9, we find that GCPs undergo an increase in proliferation just before differentiation ensues. Indeed, more dividing cells are labeled with CldU and pH3 in MIX compared with EGL clones. This is likely attributable to a shortening in G 1 because we are more likely to obtain G 2 -X labeling in MIX (P9, 2 of 24; P12, 9 of 46) compared with EGL clones (P9, 0 of 15; P12, 0 of 9). Thus, GCPs in the EGL are heterogeneous, composed of slow and fast dividing populations. Previous studies have calculated the cell cycle period in the EGL to be 16 -21 h from P1 to P15 (Fujita, 1967; Mares et al., 1970; Yoshioka et al., 1985) . Our findings suggest that this rate of division is likely the average of the two subpopulations.
A possible mechanism we did not address is the contribution of apoptotic cell death. Although cell death in the EGL increases approximately fourfold from P7 to P14 (Krueger et al., 1995) , ϳ5.2% of all EGL cells die per day given a peak of ϳ1.4% pyknotic cells and a duration of pyknoses of ϳ6.5 h (Koppel et al., 1983) , a number too small to account for reduced EGL clonal expansion as development proceeds. Moreover, cell death in the EGL is predominantly occurring at the border of the lower EGL and ML (Mares et al., 1970) and rarely in clusters (Smeyne and Goldowitz, 1989) . Apoptotic cell death may also play a role if contributing preferentially in GCs that migrate late in development. However, the percentage of pyknotic cells in the IGL is less than in the EGL, decreases from P9 to P14, and is accounted for mostly by astrocytes (Krueger et al., 1995) .
We note that the cell number among IGL clones is heterogeneous within each projection type, which may arise from differences in cell division and/or death. Given the low contribution of cell death and different EGL and MIX clones have similar percentages of CldU and/or pH3 labeling (Fig. 5) , clonal heterogeneity likely arises from differences in the time spent in the fast dividing phase.
Possible molecular mechanisms
What determines a narrow differentiation time window for a particular GC clone? The signal may be intrinsically generated and/or extrinsically produced. Our findings resemble the observation of an intrinsic clock for oligodendrocyte differentiation in vitro (Temple and Raff 1986; Barres et al., 1994) . When a single oligodendrocyte precursor is plated at clonal density (Hart et al., 1989) , all progeny differentiate synchronously in response to exposure to thyroid hormone or mitogen withdrawal (Temple and Raff, 1986; Barres et al., 1994) . The thyroid hormone receptor and cell cycle regulator p57 kip2 are potential intrinsic clock regulators (Barres et al., 1994; Dugas et al., 2007) . Interestingly, an increase in p57 kip2 expression in oligodendrocyte precursor siblings is correlated with slowing down of division rate and cell cycle exit (Ghiani and Gallo, 2001; Dugas et al., 2007) , similar to that seen in our analysis of GCPs in vivo. Additionally, hyperthyroidism leads to premature disappearance of the EGL and a corresponding reduction in GC number, whereas hypothyroidism prolongs EGL expansion and increases GC number (Legrand, 1986) . It is possible that p57 kip2 and thyroid hormone might play an analogous function in regulating cell cycle exit of clonally related GCs.
A candidate extrinsic factor is Sonic hedgehog (Shh). Expression, loss-and gain-of-function studies support a model in which Purkinje cell-derived Shh regulates GCP proliferation (Wechsler-Reya and Scott, 1999; Lewis et al., 2004) . Interestingly, there exists a constant ratio of ϳ175 GCs for each Purkinje cell (Wetts and Herrup, 1983) , suggesting the GC number is regulated by the number and the length of time Purkinje cells secrete Shh. One of the transcriptional targets of Shh is Patched1 (Ptc1), which is itself a negative regulator of Shh signaling pathway (Goodrich et al., 1996; Marigo et al., 1996; Rohatgi et al., 2007) . If the readout of an intrinsic clock is an essential component of Shh signaling pathway, then clonally related GCPs may acquire or augment Shh response at a certain developmental window so that their proliferation is enhanced. This could be followed by the negative-feedback regulation of the Shh signaling pathway via Ptc1 expression, to ensure the termination of proliferation and the timely cell cycle exit of GCs.
Functional implication for circuit formation and function
Given the complex mechanisms needed to ensure that GC clones project axons to specific sublayers in the ML and are similar in cell number, we envision that this organization must have utility in the wiring and function of the cerebellar cortex. Each Purkinje cell receives input from both superficial and deep projecting GCs. However, deep and superficial projecting GCs predominantly synapse onto basket and stellate interneurons, respectively (Lemkey-Johnston and Larramendi, 1968) . These interneurons send axons to distinct parts of the Purkinje cell and thus modulate Purkinje cell activity differentially. Additionally, GC axons decrease in diameter from deep to superficial (Fox and Barnard, 1957; Wyatt et al., 2005) , which confers differences in information transfer. Finally, it takes the activation of many GC axons to activate a Purkinje cell (Bower and Woolston, 1983; Harvey and Napper, 1991) . The dendritic integration theory predicts that axons synapsing onto a small portion of a dendritic tree would be more effective in inducing an action potential than if the same number of synapses are distributed widely (Migliore and Shepherd, 2002) . Thus, if clonally related GCs were activated by a similar input, then such input would be most effective in driving Purkinje cell firing.
Different clonally related GCs may receive different mossy fiber inputs. DiI retrograde tracing has shown that mossy fibers from the vestibular ganglion reach the cerebellum at E13, the vestibular nuclei and spinal cord at E15, the lateral reticular nucleus and the pontine nuclei at P0, and the external cuneate nuclei postnatally (Berretta et al., 1991a,b; Ashwell and Zhang, 1992) . Differences in the arrival times of mossy fibers can be used to form synapses with GCs that differentiate at different times. Thus, the properties of GC neurogenesis and differentiation we describe here could provide a mechanism that coordinates mossy fiber inputs to GCs and GC axonal output to different sublayers in the molecular layer.
